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Summary 
Phylogenetically conserved brain centers known as 
mushroom bodies are implicated in insect associative 
learning and in several other aspects of insect behav- 
ior. Kenyon cells, the intrinsic neurons of mushroom 
bodies, have been generally considered to be dis- 
posed as homogenous arrays. Such a simple picture 
imposesconstraintson interpreting the diverse behav- 
ioral and computational properties that mushroom 
bodies are supposed to perform. Using a P[GAL4] en- 
hancer-trap approach, we have revealed axonal pro- 
cesses corresponding to intrinsic cells of the Drosoph- 
ila mushroom bodies. Rather than being homogenous, 
we find the Drosophila mushroom bodies to be com- 
pound neuropils in which parallel subcomponents ex- 
hibit discrete patterns of gene expression. Different 
patterns correspond to hitherto unobserved differ- 
ences in Kenyon cell trajectory and placement. On  the 
basis of this unexpected complexity, we propose a 
model for mushroom body function in which parallel 
channels of information flow, perhaps with different 
computational properties, subserve different behav- 
ioral roles. 
Introduction 
Insect brains contain a pair of prominent and characteristi- 
cally shaped neural centers known as mushroom bodies 
(Dujardin, 1850; Mobbs, 1982; Schiirmann, 1987; Straus- 
feld et al., 1995). Mushroom bodies have been implicated 
in associative learning and memory, and in a variety of 
complex functions including courtship, motor control, and 
spatial recognition and target location (Huber, 1960; Erber 
et al., 1987; Mizunami et al., 1993). In the fruitfly Drosoph- 
ila melanogaster, single gene mutations that cause defec- 
tive mushroom bodyanatomies(e.g.,mushroombodymin- 
iature and mushroom bodies deranged) have been shown 
to interfere significantly with olfactory associative learning 
*These authors contributed equally to this work. 
(Heisenberg et al., 1985; Heisenberg, 1989). Visual asso- 
ciative behavior and other aspects of brain anatomy ap- 
pear relatively normal. Olfactory learning is even more 
profoundly affected by ablation of mushroom body neuro- 
blasts at an early stage of development, depleting the adult 
brain of mushroom body intrinsic neurons (deBelle and 
Heisenberg, 1994). Additional support for a role of Dro- 
sophila mushroom bodies in olfactory learning derives 
from studies of biochemical learning mutants. Expression 
of the learning genes dunce and rutabaga, for example, 
occurs predominantly, though not exclusively, in the 
mushroom bodies (Nighorn et al., 1991; Han et al., 1992; 
Davis, 1993). Finally, gynandromorph analysis implicates 
Drosophila mushroom bodies, or adjacent neuropils, in 
control of the male courtship repertoire (Hall, 1979), a be- 
havior that relies heavily on olfaction. Taken together, the 
picture that emerges is of a specialized neuropil involved 
in associating and storing multimodal sensory information, 
thereby providing the organism with memory and pre- 
dictive behavior. 
Mushroom bodies comprise three classes of neurons: 
input, output, and intrinsic. Both structural (Strausfeld, 
1976; Mobbs, 1982) and functional (Mauelshagen, 1993; 
Mizunami et al., 1993; Laurent and Davidowitz, 1994) stud- 
ies suggest that the fundamental computational properties 
of mushroom bodies are provided by intrinsic neurons. 
Known as Kenyon cells, these arise from dense clusters of 
cell bodies dorsal and posterior to each brain hemisphere 
(Figure 1, top). Their dendrites form the mushroom body 
calyces, large regions of input from the olfactory lobes, 
while beneath each calyx the Kenyon cell axons converge 
to form a stalk-like structure, the pedunculus. The pedun- 
culus extends almost to the front of the brain, at which 
point it gives rise to a number of lobes: a dorsally projecting 
a lobe and a 8/y lobe complex projecting toward the mid- 
line. Though present in Drosophila and Lepidoptera (Pear- 
son, 1971), the y  component has not been described for 
all insects. 
Mushroom bodies have often been considered as iso- 
morphic arrays of functionally equivalent intrinsic neurons 
(Hanstrom, 1928; Laurent and Davidowitz, 1994). Among 
the properties hypothesized for an isomorphic array of 
Kenyon cells are acquired tuning to a specific odorant 
(Heisenberg, 1989; Laurent and Davidowitz, 1994) and 
selective strengthening of specific connections during as- 
sociative memory(Erber et al., 1980; Mauelshagen, 1993). 
There is, on the other hand, some evidence to suggest 
that mushroom bodies are not entirely isomorphic. Three 
Kenyon cell populations have been described for the bee, 
differing in terms of dendritic morphologies, calycal loca- 
tions, and sensory input (Mobbs, 1982; Menzel et al., 
1994) while bee lobes show subdivision in terms of trans- 
mitter expression (Schafer and Bicker, 1986; Schafer et 
al., 1988). Reduced silver staining (Heisenberg, 1980) and 
electron microscopy (Technau and Heisenberg, 1982) of 
the Drosophila mushroom bodies reveal local differences 
Figure 1. Mushroom Body Organization 
(Top) Schematic representations of the Drosophila mushroom bodies as revealed by reduced silver staining. On the left is a frontal view of the 
right protocerebral hemisphere, showing dense clusters of Kenyon cell bodies (cb) above and behind the calyx (ca). The calyx is formed by Kenyon 
cell dendrites and afferents from the olfactory lobes. Beneath each calyx, Kenyon cell axons converge to form a stalk-like structure, the pedunculus 
(ped). This extends almost to the front of the brain, where it divides into a dorsally projecting a lobe and a b/r complex projecting toward the 
midline. On the right is a sagittal view of a mushroom body showing approximate planes of section in (a)-(f). Shown In fainter outline is another 
brain structure, the central complex. 
(a-f) g-Gal expression revealed by X-Gal staining in representative 12 trrn cryostat frontal sections through the head of P(GAL4] line 3OY. Bar, 
10 urn. 
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in Kenyon fiber density and diameter. Can this be sufficient 
to account for the variety of proposed roles for mushroom 
bodies in behavior, or does behavioral complexitY jmPlY 
a more complex neuronal organization? 
A powerful means of revealing neuronal complexity in 
Drosophila is the P[GAL4] enhancer-trap technique 
(Brand and Perrimon, 1993; Kaiser, 1993). An enhancer- 
trap element is a transposon containing a reporter gene. 
Insertions that occur in close proximity to a transcriptionat 
enhancer cause the reporter to be expressed in a Pattern 
that reflects the enhancer’s regulatory properties. Among 
a large collection of F[GAL4] lines, we found many with 
expression patterns corresponding to neuronaf trajecto- 
ries, or architectures, familiar from classical neUrOanat- 
omy. Here we describe lines in which reporter expression 
corresponds to the dendritic locations and axonal trajecto- 
ries of Kenyon cells, 
Results 
GAL4 Expression in Kenyon Cell Subsets 
We screened 1400 newly generated FIGAL lines for 
GALCdirected b-galactosidase (b-gal) expression in crYo- 
Stat frontal sections of the Drosophila head. p-Gal activity 
iS readily detected as a blue stain produced by conversion 
of the chromogenic substrate X-Gal or with anti-P-gal anti- 
bodies Many lines had b-gal expression more or less re- 
stricted to specific anatomical domains of the brain, and 
in a number of lines the mushroom bodies Were clearly 
revealed. Figures la-if show a series of sections through 
the brain of line 3OY, in which b-gal expression iS a good 
match for the classical view of Drosophila mushroom body 
architecture (Heisenberg, 1990). Note that P-gal activity 
extends from the cell body layer to the tips of the lobes, 
i.e., through the entire volume of the mushroom body. The 
only Cell type with atrajectory that matches this expression 
pattern is the Kenyon cell. 
Other mushroom body expression patterns are depicted 
in Figure 2 and Figure 3. Each line represents a FIGAL 
insertion at a different chromosomal location (Table 1). 
Within any single line, the pattern is reproducible (with a 
single exception to be described below), and there are no 
apparent sexual dimorphisms. As in the case of line 3Oy, 
each pattern would appear to be due to staining of Kenyon 
cells. Strikingly, however, different lines display quite dif- 
ferent patterns, even though each of the lines has wild-type 
mushroom bodies as judged by interference phase-contrast 
microscopy or autofluorescence. ln other words, the Pro- 
jection patterns revealed by b-gal expression occur within 
-__~ ----- 
Figure 2. Staining Patterns in the Mushroom Body Lobes 
mushroom bodies of normal size and shape. Different pat- 
terns must therefore represent GAL4 expression in differ- 
ent, genetically specified subsets of Kenyon cells. 
Pattern Relationships at Different Levels 
of Organization 
Differences between patterns can be resolved at all levels 
of mushroom body organization: cell body cortex, calyx, 
pedunculus, and lobes. The differences are primarily due 
to longitudinal subdivisions of the volume encompassed 
by the mushroom body as a whole. This is most clearly 
seen within the lobes and pedunculus. Longitudinal subdi- 
vision of the lobes is illustrated in Figures 2b-2d, in which 
3 lines exhibit three quite different staining patterns. Pro- 
found longitudinal subdivisions of the pedunculus are evi- 
dent in cross-sectional images obtained by confocal mi- 
croscopy (Figures 3a-3d). They reveal groups of Kenyon 
cell axons to be organized concentrically, with one or more 
outer rings enclosing several discrete fiber bundles, Like 
the rings that surround them, each fiber bundle appears 
to have a layered organization. 
The general picture that emerges is of groups of Kenyon 
cell axons disposed at characteristic, often concentric, po- 
sitions within the pedunculus, beyond which they segre- 
gate to characteristic regions of the lobes. Consider first 
projections to the y lobe. A spur-like structure is often ob- 
served at the branch point of the pedunculus and the lobes 
(see Figures 2b and 2~). Staining of the spur provides 
continuity between the outer ring(s) of the pedunculus and 
the y lobe (see also Figure 4) an interpretation supported 
byconsiderationsof staining intensity. Thus, spur intensity 
invariably corresponds to intensity of the y lobe (e.g., Fig- 
ures 2b and 2c), while the absence of a spur is correlated 
with the absence of y  staining (see Figure 2d). Despite 
the origin of they lobe, at least in part, from circumferential 
elements of the pedunculus, we have seen no evidence 
that the y lobe is organized concentrically. Differences 
between lines are largely with respect to intensity of stain- 
ing in its bulbous outswellings. Examples of the latter can 
be seen in confocal images of line 201Y (Figure 4; Fig- 
ure 5). 
The a and b lobes, in many ways alike, have a rather 
different structure. They are continuous mainly with fiber 
tracts internal to the pedunculus and are organized con- 
centrically. Continuity is seen particularly Clearly for line 
201Y (Figure 4; Figure 5). Concentric organization in the 
lobes is best illustrated by lines ~302 and ~772 (Figure 
2d; Figure 5). In summary, both the pedunculus and the 
lobes are highly ordered structures. Maps of fiber locations 
(a) Paraffin frontal section (12 pm) stained by a reduced silver (Bodlan) method. The a and D lobes of the mushroom bodies are embedded In 
coarse neuropil of the protocerebrum, above the glomerutar antenna’ lobes. 
(b-d) Cryostat frontal sections (12 wm) showing x-Gal staining in the bralns of 3 GAL4 lines (Planes of section roughly equivalent to that of Figure 
id). Line 201Y (b) shows a thin central component of a, a thin componant of PI and extensive staining in Y (only a dorsal component of which 
can be seen at this plane of sect/on). Line 72Y (c) shows in,ensltY differences between D and Y and a spur (sp) whose intensrty matches that of 
y. Line ~302 (d) shows an a lobe with an unstained core (arrow), a component of B$ but no 7. 
Bars, 10 pm. 
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Figure 3. Staining Patterns in the Pedunculus and Cell Body Cortex 
(a-d) Anti-B-gal activity in cross sections of the pedunculus viewed by 
confocal microscopy of intact brains. Line 201 Y (a) shows four tracts, 
correlated with staining in a and 3, and a narrow outer ring that supplies 
components of y. Line ~35 (b) shows intense staining of two inner 
tracts, correlated with strong a and 6 staining, and a more diffusely 
stained outer ring correlated with pale y staining. Line c739 (c) shows 
four tracts converging to a pair. Absence of an outer ring is correlated 
with absence of y staining. Line ~772 (d) shows two tracts with un- 
stained cores and an outer ring. This is correlated with staining in all 
three lobes. 
(e and f) Cryostat frontal sections through the cell body layer of lines 
236Y (e) and c739 (f). Clustering is particularly evident in the latter. 
Table 1. Mapping in P[GAL4] Insertions by In Situ Hybndtzation 
to Polytene Chromosomes 
Line Location 
3OY 70E 
72Y 210 
2OlY 56D 
236Y 46C 
c35 44A 
~302 16C 
c739 40A 
~772 41F 
Each line has a single insertion at the indicated chromosome location. 
Figure 4. Montage of Serial Confocal Sections through the 201 Y Brain 
The plane of section moves forward from the pedunculus (top) to the 
lobes. On the left is the normal pattern, on the right a pattern that has 
been seen in the brains of very occasional older individuals (- 6 weeks 
after emergence). The latter pattern shows only the outer ring of the 
pedunculus, the spur, and the y lobe. 
at the two different levels of organization are clearly re- 
lated, even though they may involve a transformation of 
geometry. 
An interesting feature of the 201Y pattern reinforces our 
basic conclusions concerning mushroom body organiza- 
tion. In all but this line, the staining patterns remain un- 
changed during the lifetime of the adult. In the brains of 
occasional older 201 Y adults, however, we have observed 
“normal” staining of the y lobe and spur, but a complete 
absence of staining in the a and f3 lobes (see Figure 4). 
When we follow this staining pattern back to the peduncu- 
lus, we see normal staining of a circumferential ring, but 
a complete absence of staining within it. Although we have 
not yet been able to define the conditions, whether envi- 
ronmental or genetic, that cause this variation, it does 
allow us to draw the conclusion that the 201Y pattern is 
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constructed from two quite different fiber trajectories, pe- 
duncular fibers continuous with the a and f3 lobes being 
spatially segregated from fibers continuouswith they lobe. 
Four-Fold Symmetry of Projections to a and p Lobes 
The peduncular bundles of line 2OlY, which are continu- 
ous with staining in the a and j3 lobes, appear as a quartet 
where they enter the pedunculus from the calyx (Figure 
5) but fuse to a pair nearer the lobes. Four-fold leading 
to two-fold symmetry within the pedunculus, again corre- 
sponding to staining of the a and b lobes, is observed for 
several other lines (e.g., line c739; Figure 5). 
Above and behind the pedunculus and calyx, there are 
also differences between patterns with respect to the ar- 
rangement of Kenyon cell bodies in the cortex (see Figures 
3e and 3f). Cell body arrangements typically exhibit two- 
fold or four-fold symmetry. Continuity between cell body 
and peduncular staining is exemplified by lines 201Y and 
c739, in which four clusters of cell bodies are seen to 
provide the four bundles of axons that enter the peduncu- 
lus (Figure 5). 
Single Cell Correlates: Golgi Impregnations 
We have generated a library of over 200 Golgi-impregnated 
wild-type heads, arranged in rows with similar orientation. 
Both the GolgilColonnier and the Golgi rapid/Colonnier 
methods have provided clear impregnation of Kenyon 
cells, ranging from one to several dozen fibers per mush- 
room body. Both methods allow the outline of the mush- 
room body and its lobes to be resolved independently. 
Prior to this study, little more could be said about the path- 
ways taken by Kenyon cell axons in Diptera other than 
that they tend to be parallel within the pedunculus, chaotic 
in the 61~ lobes, and whorled or straight within the a lobe 
(Strausfeld, 1976). Now, with the search images described 
above, we have been able to recognize single Kenyon cell 
trajectories that correspond at all levels of organization to 
predicted trajectories Furthermore, even though theGolgi 
technique has the reputation of being stochastic, we often 
find patterns of mass Kenyon cell impregnation that are 
intriguing matches for particular enhancer-trap staining 
patterns. 
Figure 6a shows a mass impregnation of what appear 
Figure 5. Three-Dimensional Reconstructions of Mushroom Bodies from the Indicated Lines 
In the confocal reconstruction of the 201Y pedunculus and lobes, four peduncular tracts converge to a pair, converge again, and are contrnuous 
with axial elements of (I and 8. Mushroom bodies of 3 other lines are represented schematically. For clarity, two halves of a single mushroom 
body are shown displaced with respect to one another. Relative staining rntensitres are indicated by shading. Line ~35 shows two zones of cell 
bodies, strong staining of a and f3. and pale staining of the spur and y. Line c739 shows four zones of Kenyon cell bodres providing four tracts. 
The latter enter the pedunculus, converge to a pair, and converge again before divergrng into substantral a and b lobes. Line ~772 shows cell 
bodies arranged as a cloud over the calyx. Axial components of (I and h are unstained. 
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Figure 6. Golgr Impregnations 
(a) Mass impregnation showing core elements 
of the a and 6 lobes and, in cross section, the 
spur (sp). Axons passing through the latter proj- 
ect to the y lobe (see [cl). 
(b) Mass impregnation showing more extensive 
staining of the a and 6 lobes and of a diffuse 
network within the y lobe. 
(c)Same sample as (a), next-most anterior sec- 
tion. y lobe fibers continuous with spur staining 
in (a). 
(d) Camera lucida drawing of a srngle Kenyon 
fiber with projections to the a and 6 lobes but 
not to the y lobe. 
Bar, 10 Wm. 
to be core elements of the a and 8 lobes and of a discrete 
flanking bundle of axons within the spur. The latter can 
be followed to the adjacent anterior section, where they 
are seen to be continuous with the y lobe (Figure 6~). 
Overall, this is reminiscent of the staining pattern of line 
2OlY, which predicts two distinct Kenyon cell trajectories. 
One branches into core elements of the a and 8 lobes 
from elements internal to the pedunculus. The other is 
continuous with an outer ring of the pedunculus, the spur, 
and the y lobe. In other preparations, the a and 8 lobes 
appear thicker, consistent with impregnation of axonal ele- 
ments flanking the core (Figure 6b). An example of a single 
peduncular fiber projecting only to the a and 8 lobes is 
shown in Figure 6d. 
Discussion 
Among a large collection of P[GAL4] enhancer-trap lines 
screened for reporter expression in the adult brain, we 
have identified several lines in which the mushroom bod- 
ies are clearly revealed; 8 lines are described here. In 
each case the expression pattern extends between all the 
levels of mushroom body organization (cell body, calyx, 
pedunculus, and lobes). Each of the patterns appears dif- 
ferent, however. Summary diagrams, based on careful ex- 
amination of confocal sections, are given for lines ~35, 
c739, and ~772 (see Figure 5). 
Staining Corresponds to Kenyon Cells 
Since the patterns portray entirely novel aspects of mush- 
room body structure, it is important to be clear as to which 
neuronal elements are represented. By the following crite- 
rion, the patterns are due to P-gal expression within Ken- 
yon cells: staining in the lobes is invariably associated with 
staining in the pedunculus and the calyx, and with cell 
bodies in a cortical region above and behind the calyx. 
All descriptions of Kenyon cells, irrespective of insect spe- 
cies, imply such a geometry (Strausfeld, 1976; Mobbs, 
SubdivisIon of Drosophrla Mushroom Bodies 
51 
1982; SchDrmann, 1987). Each Kenyon cell body provides 
a single neurite. Its dendritic branch contributes to the 
calyx and is postsynaptic to afferents from olfactory and 
other sensory regions (Schtirmann, 1987). Kenyon cell ax- 
ons project out of the calyx to form the pedunculus and 
lobes (Pearson, 1971). 
Covert Anatomical Subdivision 
of Mushroom Bodies 
The staining patterns described all appear within mush- 
room bodies whose outlines can be independently visual- 
ized as being of normal shape and size. Staining in each 
case thus represents only a subset of Kenyon cells, with 
the possible exception of line 3OY, in which staining occu- 
pies more or less the entire mushroom body volume. Such 
fundamental subdivision challenges a simplistic view of 
mushroom body structure as an isomorphic array of func- 
tionally equivalent Kenyon cells. The general picture that 
emerges is of groups of axons disposed at characteristic 
and often concentric positions within the pedunculus, be- 
yond which they segregate to characteristic regions of the 
lobes. As mentioned in the introduction, our observations 
are not entirely without precedent; however, the extent of 
subdivision revealed by the enhancer-trap method, pre- 
viously invisible to the techniques of classical neuroanat- 
omy, is quite unexpected. 
Mushroom Bodies and Insect Memory 
Attempts to model the computational properties of insect 
mushroom bodies, particularly in terms of their role(s) in 
associative memory, have leant strongly toward a view of 
the mushroom body as an isomorphic network of function- 
ally equivalent neurons (Figure 7a). As discussed by Ha- 
berly and Bower (1989) and Eichenbaum (1993), an opti- 
mal design for an associative network is one in which 
sensory maps are distributed among a uniform network 
of postsynaptic elements such that any one of the latter 
can receive the same combination of inputs as any other. 
From such a structure can arise a variety of specific and 
retained computational properties. 
Here we show that the Drosophila mushroom bodies 
are far from isomorphic, at least with respect to patterns 
of gene expression. Moreover, on the basis of our observa- 
tions, we make a strong prediction that different subsets 
of Kenyon cells perform different functional roles. What 
limited evidence exists from other species can be taken to 
support such a conclusion. In the bee calyx, for example, 
Kenyon cells with different dendritic morphologies form 
three concentric subcompartments, each associated with 
different classes of afferent (Mobbs, 1982). Fiber tracts 
originating in the optic lobes project to the collar region, 
whereas those originating in the antenna1 lobes project to 
the lip and the basal ring (Gronenberg, 1986; Menzel et al., 
1994). Regionalization of different classes of bee output 
neurons can also be recognized (Rybak and Menzel, 
1993). In the cockroach Periplaneta americana, re- 
cordings and ablation studies suggest that different mush- 
room body regions serve different integrative functions 
(Mizunami et al., 1993). 
Experimental observations in a range of insect species 
a 
b 
Figure 7. Models of Mushroom Body Function 
(a) Classical view of the insect mushroom body, showing Input from 
first order olfactory neuropil (antenna1 lobe) distributing to an isomor- 
phic array of Kenyon cells. Output neurons extend across the Kenyon 
cell axons. The mushroom body is usually viewed as playing a modula- 
!ory role with respect to more direct pathways linking sensory Input 
with thoracic motor centers. 
(b) Genetically/developmentally defined subsets of Kenyon cells with 
discrete projection patterns in the pedunculus and in structurally non- 
equivalent lobes. Grouping of like neurons, possibly surrounded by 
glial lamellae (Technau and Hersenberg, 1982) would tend to restrain 
Kenyon cell interconnectivity and may generally confer a degree of 
electrical isolation at one or more organizational levels. Such a struc- 
ture could allow “dedication” of particular computational channels to 
specialized inputs and outputs. This should not be taken to deny the 
existence of Isomorphic neural networks within particular subsets of 
Kenyon cells, nor of all communication between cells of different 
classes. 
are thus consistent with there being parallel computational 
channels within the mushroom bodies. Each of these may 
be associated in a stereotypic way, via specific classes 
of input and output neuron, with different aspects of infor- 
mation about the external world or about the internal state 
of theorganism. There may be, for example, different com- 
putational channels dominated by visual information, by 
pheromonal information, or by information concerning 
other classes of odorant. Each could be responsible for 
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mediating quite distinct higher cerebral functions and/or 
behaviors (Figure 7b). Within a channel, an isomorphic 
network structure and its associative properties may per- 
tain. Thus, olfactory conditioning, which has been as- 
cribed to the mushroom body as a whole (Laurent and 
Davidowitz, 1994) may be merely a property of particular 
subsets of Kenyon cells. Crucial questions concern the 
extent and location both of the synaptic interactions be- 
tween constituent members of any particular Kenyon cell 
subset and of the synaptic interactions between members 
of different subsets, 
In terms of testing specific hypotheses concerning the 
role(s) of mushroom bodies in behavior, and their more spe 
cific role with respect to learning and memory, the P[GAL4] 
enhancer-trap system offers particular advantages. GAL4 
has been used here to drive expression of the secondary 
reporter P-gal, but can equally well be used to target ex- 
pression, in the living fly, of agents that modify various 
aspects of cell function: e.g., peptide inhibitors of signal 
transduction, dominant negative constructs, or antisense 
RNA. Brain markers of the type described here are thus a 
unique resource forthe future correlation of brain structure 
and function. 
GAL4-mediated feminization of specific subsets of Ken- 
yon cells, described in the accompanying paper (O’Dell 
et al., 1995 [this issue of Neuron]), provides further evi- 
dence for functional subdivision of Drosophila mushroom 
bodies with respect to courtship behavior. 
Development of the Mushroom Bodies 
Development of the mushroom bodies can be traced back 
to the embryo. At the time of larval hatching, there exists 
a mushroom body with approximately 300 Kenyon cells 
(Ito and Hotta, 1992; Technau, 1984). Accompanying this 
rudimentary mushroom body are four neuroblasts, prolif- 
eration of which appears to generate all additional Kenyon 
cells. Hydroxyurea ablation of the four neuroblasts (deBe- 
Ile and Heisenberg, 1994) results in an adult fly with no 
visible mushroom bodies (the fate of the 300 embryonic 
Kenyon cells is unclear). 
Certain aspects of the enhancer-trap patterns may re- 
flect this developmental history. Several patterns exhibit 
four-fold symmetry, notably within the pedunculus, but 
also within the calyces and the cell body layer (see Figure 
5). An emerging theme is thus of four separate fiber tracts 
entering the pedunculus from the calyx, each tract being 
provided by four clusters of cell bodies. A simple explana- 
tion for such symmetry would be that each of the four fiber 
tracts represents the progeny of a single neuroblast. As 
Kenyon cells are born, cell bodies will be pushed away 
from the proliferative centre. This may explain the appar- 
ently layered structure of the tracts and of the rings that 
surround them. In each case, the oldest cells would be 
represented within the outer layers. Consistent with such 
a model would be temporal specification of genetic identity 
in terms of counted divisions of the founding neuroblast. 
Approximately 2500 Kenyon cells are contained within 
a single Drosophila mushroom body, the exact number 
depending on age, sex, and environmental stimuli (Tech- 
nau, 1984). Do different patterns represent discrete or 
overlapping subsets of neurons? At least with respect to 
some lines, the patterns appear discrete. For example, 
the peduncular pattern of line 201Y (see Figure 3a) is in 
certain respects the converse of the ~772 pattern (see 
Figure 3d). Moving to the lobes, line 201Y shows staining 
in central components of the a and 8 lobes (see Figure 
4; Figure 5), whereas staining of the a and 8 lobes in line 
~772 appears restricted to outer components (see Figure 
5). The lines described here represent only a very limited 
sampling of genomic locations, and possibly of expression 
patterns, however. Thus, were all of the patterns discrete, 
2500 cells may be insufficient to account for them, raising 
the prospect that Kenyon cell identity is specified by a 
combinatorial mechanism. 
Experimental Procedures 
Drosophila Methods 
Drosophila were maintained on a 12 hr dark:12 hr light cycle on stan- 
dard corn meal-yeast-agar medium at 23°C-250C and 39/o-45% 
relative humidity. The genetic background of all lines studied was 
effectively Canton-S. P[GAL4] lines were generated as described by 
Brand and Perrimon (1993). GAL4 is a yeast transcription factor that 
is functional in Drosophila. Its pattern and timing of expression are 
dependent upon the genomic context of the inserted P[GAL4] element. 
GAL4 can be used to drive expression of secondary reporters linked 
to the GALCresponsive promoter, UASG. Here, the secondary reporter 
for GAL4 activity was a second chromosome insertion of UAS&acZ. 
There is no detectable /acZ expression in the absence of GAL4. 
X-Gal Staining of Cryostat Sections 
Frontal cryostat sections (12 pm) of adult heads were fixed on glass 
slides for 15 min in phosphate-buffered saline (PBS) containing 1% 
glutaraldehyde. After washing in PBS (twice for 15 min each), the 
sections were stained in the dark for 2-4 hr at 37°C in a moist box. The 
staining solution was 0.2% X-Gal (diluted from an 8% stock solution in 
dimethylsulfoxide)in prewarmed FeNaP buffer (IO mM NaHzP04.H20, 
10 mM Na2HPOI.2H20, 150 mM NaCI, 1 mM MgCI,.6Hz0, 3.1 mM 
K4(Fe2+CN),, 3.1 mM &(Fe3+CN)G. 0.3% Triton X-100 [pH 7.81). The 
staining solution was made fresh each day and kept in the dark. After 
staining, the sections were washed in PBS for IO min, dehydrated 
though graded ethanol, and mounted in glycerol/gelatin (Sigma). Sec- 
tions were photographed on a Leica Orthoplan microscope using a 
25 x DIC lens. 
Whole-Mount lmmunohistochemistry 
Intact adult brains were dissected under PBS, fixed in 4% paraformal- 
dehyde for 30 min, and washed twice for 1 hr in PBS containing 1% 
Sigma cold fraction V bovine serum albumin and 1% Triton X-100 
(PAT). They were incubated overnight in 3% normal goat serum 
(SAPU) containing rabbit polyclonal anti-P-gal antibody (Cappel) di- 
luted 1:2000 in PAT, washed three times in PAT for 1 hr, incubated 
overnight with secondary antibody (fluorescein-labeled goat anti-rab- 
bit IgG; Vector Labs) diluted 1:250 in PAT, and then washed twice for 
1 hr in PAT and once for 5 min in PBS. All of the above was carried 
out at room temperature. Stained brains were mounted in VectaShield 
(Vector). 
Confocal Microscopy 
Intact brains were examined with a Molecular Dynamics Multiprobe 
laser scanning confocal microscope. Excitation (480 nm) and emission 
(530 f 15 nm) filters were appropriate to the fluorescein-based labels 
of the secondary antibody. Three-dimensional reconstructions were 
performed using the ImageSpace 3.1 program (Molecular Dynamics). 
Pseudocolor was added using the NIH-Image program (National Insti- 
tutes of Health, Washington). 
Conventional Neuroanatomy 
Reduced silver staining was according to Bodian’s (1937) original rec- 
ipe. Golgi impregnations were carried out as follows. Up to 6 cold, 
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immobilized flies were threaded by their necks, and in the same onen- 
tation, between two parallel leaves of gelatin fixed to a Teflon block. 
The block was immersed in 2.5% potassium dichromate, and cuticle 
between the compound eyes and at the frons, between the antennae, 
was removed taking care to duplicate this as exactly as possible be- 
tween individuals. The block was then transferred to a bath containing 
5 parts 2.5% potassium dichromate and 1 part 25% electron micros- 
copy grade glutaraldehyde (Polysciences) for 5 days in the dark at 
4°C. They were subsequently treated by one of two methods. One 
involved direct immersion in 0.75% silver nitrate for 48 hr (the Golgil 
Colonnier method; Strausfeld, 1980). For the other, blocks were 
washed in 2.5% potassrum dichromate for 1 hr, followed by a 4 day 
incubation in 100 parts 2.5% potassium dichromate and 1 part 1% 
osmium tetroxide (mixed Golgi rapidlcolonnier method; Strausfeld. 
1980). Finally, the mounted flies were dehydrated through propylene 
oxide and embedded in fresh Durcupan (Fluka Chemicals). Serial 30 
pm sections were cut on a Reichardt sliding microtome. Trajectories 
of stained Kenyon cells were traced using camera lucida. 
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Note Added in Proof 
Further information concernmg the P[GAL4] lines described here can 
be found in Flybrain, an on-line atlas and database of the Drosophila 
nervous system (see Armstrong et al.. in this issue). Flybrain can be 
accessed via the World Wide Web from servers in Glasgow (http:// 
flybrain.gla.ac.uk/), Freiburg (http://flybrain.unr-freiberg.de/), and Tuc- 
son (http://flybram.neurobio arizona.edu/). 
